Background: Hyperinsulinemia is associated with equine laminitis, and digital lamellar
Conclusions and Clinical Importance: These results establish a role for lamellar inflammatory signaling under conditions associated with EMSAL.
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| INTRODUCTION
Equine endocrinopathic laminitis, associated with conditions such as equine metabolic syndrome, pituitary pars intermedia dysfunction, and exogenous corticosteroid administration, is the most common type of laminitis encountered in equine veterinary practice. 1 Insulin dysregulation is likely the common variable among these conditions that most closely predicts the risk of laminitis [2] [3] [4] [5] ; further support for the role of insulin dysregulation in the pathophysiology of laminitis is provided by the ability of investigators to experimentally induce laminitis in clinically normal ponies and horses with sustained application of the euglycemic hyperinsulinemic clamp (EHC) technique. 6, 7 Although parenteral infusion of supraphysiologic amounts of regular insulin and glucose is reliably associated with induction of laminitis under experimental conditions, the mechanisms linking these substrates to lamellar structural changes are presently unclear.
Inflammation is a component of many disease processes, including equine laminitis. [8] [9] [10] Inflammation has been clearly established as a component of the pathophysiology of sepsis-associated laminitis, and detailed descriptions of lamellar inflammatory events are reported for both the black walnut extract (BWE [11] [12] [13] ) and enteral carbohydrate overload (CHO 10, [13] [14] [15] ) models (both of which are robustly inflammatory). However, even in these 2 inflammatory models, there is an inconsistent relationship between the presence and degree of inflammation and severity and outcome of disease. For example, although lamellar neutrophil infiltration is early and profound in the BWE model, 15, 16 laminitis associated with this treatment can be transient and selflimiting if the exposure is not persistent or repeated. In contrast, lamellar leukocyte infiltration in horses subjected to the CHO model is primarily mononuclear and relatively late; laminitis in horses subjected to this model often proceeds to lamellar failure, even with a single enteral dose of wood/corn starch. 15 Therefore, there is established precedent for variability in the pathophysiological pathways that can lead to a similar ultimate lesion-dysadhesion of the lamellar basal epithelial cell from its underlying basement membrane, stretching of the epidermal lamellae, and displacement of the distal phalanx within the hoof capsule. Furthermore, establishing the relevance of inflammation to a particular clinical syndrome is important, as physical and pharmacological interventions to mitigate inflammation are well-accepted, widely used, and could be rationally incorporated into treatment protocols if a condition is inflammatory in nature.
The role of lamellar inflammation has been evaluated in naturally occurring and experimental models of insulin dysregulation and pastureassociated laminitis, with somewhat inconsistent results. In 1 report, mixed results regarding changes in lamellar concentrations of several inflammatory molecules in the EHC model led investigators to conclude that an innate inflammatory response did not play an important role in laminitis associated with hyperinsulinemia. 17 Additionally, little inflammatory signaling or leukocyte emigration into lamellar tissue has been reported when evaluating individuals with naturally occurring endocrinopathic laminitis 4, 5 or those subjected to a dietary model intended to mimic risk factors for pasture-associated laminitis. 18 The purpose of this study was to characterize inflammatory signaling in lamellar tissue of adult horses subjected to an EHC model of equine metabolic syndrome-associated laminitis (EMSAL).
| MATERIALS AND METHODS

| Animal Protocol
Sixteen Standardbred horses were purchased from a private dealer for the study. No specific history was available regarding the animals' history of laminitis. The number of animals to be included in the study was selected based on the statistical analysis of data from previous studies in our laboratory in which this number of horses provided adequate statistical power when measuring similar outcomes. 10, 18, 19 The horses ranged from 4 to 18 years of age (mean 12.56 ± 4.4 years), and their body condition scores ranged from 4 to 7 out of 9 (mean 5.0 ± 1.0). 20 Horses showing any clinical signs of laminitis, including hoof capsule deformity or forelimb lameness at a walk (Obel grade 2 21, 22 ) were excluded from the study. All animals received humane treatment in accordance with an animal care and use protocol approved by
The Ohio State University Institutional Animal Care and Use Committee.
All horses underwent a 14-day acclimation period in a barn stalled individually with ad libitum access to grass hay before the experimental protocol. The horses were then transported to a climate-controlled equine hospital, acclimatized for an additional 48 hours, and assigned randomly to either undergo an EHC (n = 8) or a sham infusion of saline (CON, n = 8) for 48 hours. After clipping, aseptic preparation of the overlying skin, and SC infusion of local anesthetic (2% lidocaine;
Sparhawk Laboratories, Lenexa, Kansas), two 14-gauge intravenous catheters (Becton-Dickinson, Franklin Lakes, New Jersey) were aseptically placed into the left and right external jugular veins (1 catheter in each vein). The EHC protocol was then performed as previously described. 7, 19 Briefly, blood was collected 3 times (10 minutes apart) to establish the mean baseline serum insulin and glucose concentrations. 
| Protein extraction
Protein was extracted from snap-frozen lamellar samples as previously described. 13, 19 Briefly, all samples underwent an initial pulverization step before homogenization on ice in a commercially available lysis buffer (Thermo Scientific, Waltham, Massachusetts) with the addition of protease and phosphatase inhibitors and phenylmethylsulfonyl fluoride (PMSF). Samples were then incubated on ice for 30 minutes.
The supernatant was separated by centrifugation and collected, and protein concentration was quantified using the Bradford method. Protein samples were stored at −80 C until analysis.
| Immunoblotting
The lamellar concentrations of phospho-proteins of interest were assessed as previously described 13, 19 via Western immunoblot analysis of lamellar samples using commercially available antibodies raised against signal transducer and activator of transcription 1 (STAT1) P-(S727), STAT1 P-(Y701), STAT3 P-(S727), STAT3 P-(Y705), and p38 mitogen activated protein kinase P-(T180/Y182). Total protein concentrations were assessed using antibodies recognizing the protein of interest without respect to its phosphorylation state. Finally, β-actin coverslips were applied, and the sections were digitally imaged using a laser assisted confocal microscope (Olympus, Center Valley, Pennsylvania).
| Immunohistochemistry
Leukocyte emigration into digital lamellar tissue was assessed with MAC387/calprotectin and CD163 immunohistochemical staining using the avidin-biotin complex (ABC) method as previously described. 12, 15, 16, 23 Briefly, 5-μm tissue sections were prepared from formalin-fixed, paraffin- 
| Data analysis
The RT-qPCR data from 2 housekeeping genes (β-actin and β 2 -microglobulin) were entered into a commercially available computer program to test each gene's suitability as a housekeeping gene for the equine lamellar tissue samples. Because both genes were determined to be satisfactory, a geometric mean was obtained from the 2 genes' data to generate a normalization factor for gene expression from each sample. Gene expression data from the genes of interest were then normalized using the factor unique to each sample.
T A B L E 1 Real-time quantitative PCR copy number data
Data analysis was performed using a statistical software program (GraphPad Software, Inc, La Jolla, California). All data were assessed for normality by the Shapiro-Wilk and D'Agostino and Pearson omnibus normality tests. Laminar leukocyte quantification, mRNA concentration, and protein concentration data were analyzed with a Student's t test (or nonparametric equivalent as appropriate). For the mRNA concentration data, a Bonferroni correction for multiple comparisons suggested that statistical significance should accepted at P < .003; elsewhere, statistical significance was accepted at P ≤ .05. Data are expressed as mean ± SD unless otherwise indicated.
3 | RESULTS between samples from EHC and CON animals (P > .003; Table 1 ). There was no difference in lamellar concentration of P-p38 MAPK (T180/Y182; E) between the CON and EHC groups (P > .05); however, horses in the EHC group had significantly lower lamellar concentrations of total p38 MAPK than those in the CON group (P < .05). CON, control; EHC, euglycemic-hyperinsulinemic clamp; MAPK, mitogen activated protein kinase; P-p38 MAPK, phosphorylated p38 MAPK; P-STAT, phosphorylated STAT; RI, relative band intensity; STAT1, signal transducer and activator of transcription (P = .002). There was no difference in the concentration of either of the total STAT proteins between the EHC and CON groups ( Table 2) .
| EHC model
| Western immunoblotting
| Correlations
Significant positive correlations were observed between concentrations of multiple pro-inflammatory transcripts and phosphorylated STAT and p38 MAPK proteins within the digital lamellae of horses experiencing prolonged hyperinsulinemia (Supporting information Supplemental Data 1).
| Leukocyte emigration
The number of lamellar MAC387+ cells was increased in samples from the EHC group when compared to the CON samples (P = .04), whereas the number of CD163+ cells within the lamellae was not different between the groups (P = .60; Figure 2 ).
| Immunofluorescence
Immunofluorescence was used to assess cellular localization of P-STAT3
(Y705). The phosphorylated form of STAT3 was localized near the nuclei of lamellar basal epithelial cells and was markedly increased in samples from the EHC group when compared to those from the CON group.
Total STAT3 was detected at similar levels in the lamellar tissue from both groups (Figure 3 ).
| DISCUSSION
The results of this study provide evidence of inflammatory signaling within the digital lamellae of light-breed horses experiencing prolonged supraphysiologic hyperinsulinemia. That said, it seems unlikely that this signaling represents established, "classic" inflammation as a primary pathophysiologic mechanism involved in endocrinopathic laminitis, since in agreement with previous reports, little to no evidence of leukocyte emigration into lamellar tissue was observed in response to this model (that emigration being a hallmark of inflammation).
Rather, the lamellar inflammatory signaling observed here may instead be an evidence of cross-talk between metabolic regulatory signaling pathways and inflammatory pathways occurring in response to altered intracellular concentrations of energetic metabolites, which has been documented to occur in multiple cell types in vitro and in vivo. [24] [25] [26] [27] Laminitis that occurs in equine patients with systemic insulin dysregulation and hyperinsulinemia is likely to be associated with disordered nutrient sensing and metabolism within the digital lamellae. F I G U R E 2 Lamellar MAC387(+) and C163(+) cell counts in control horses (CON) and those subjected to a euglycemichyperinsulinemic clamp model of laminitis (EHC). The number of MAC387(+) cells was greater in lamellae of horses in the EHC group compared to the CON group (P < .05), whereas the number of CD163 (+) cells was not different between the groups (P > .05). The majority of MAC387(+) cells identified were epithelial cells those governing inflammatory responses. 24, 34, 35 Interestingly, although evidence of activation of mTORC1 signaling in the digital lamellae has been documented in this model, 19 we found no evidence of altered AMPK activation in the same tissue. This could be explained based on the competing influences on AMPK activation that may be present at the cellular level under these experimental conditions; increased glucose availability is well known to decrease AMPK activation, 36 but leptin has been reported to increase AMPK activity through JAK2 signaling. 37 Interestingly, even if AMPK activation is not regulated primarily in this model, pharmacologic activation of AMPK may still be useful therapeutically under these circumstances, as activation of AMPK results in direct and indirect inhibition of mTORC1. 24 As AMPK agonists are already in regular clinical use in equine veterinary medicine, [38] [39] [40] [41] further investigation of these agents in the treatment of EMSAL seems warranted.
Signal transducer and activation of transcription signaling has been described in lamellar tissue from horses subjected to models of sepsisassociated laminitis (both BWE and CHO models), with activating phosphorylation of STAT3 reported at both developmental and OG1 time points in sepsis-associated disease. 13 Activating phosphorylation of lamellar STAT1 was not observed in these models, which was suggested to be due to lack of local interferon expression during 13 Uniquely, here we report activation of both STAT3 (similar to sepsis-associated laminitis) and STAT1 in lamellar tissue from horses experiencing sustained supraphysiologic hyperinsulinemia.
Activation of STAT1 and STAT3 as a result of activation of a single intracellular signaling pathway is uncommon but has been reported to occur in limited instances in other tissues/cell types; an important example that may have relevance for obesity-related laminitis is activation of STAT1 and STAT3 after ligand binding and activation of long-form leptin receptor. 42 Keratinocytes express leptin receptor in other species, 43 and serum leptin concentrations have been reported to increase significantly in a matter of hours in young, healthy humans in response to induced hyperinsulinemia. 44, 45 Although the results of the study reported here cannot verify the importance of leptin signaling in EHC-induced laminitis, given the evidence established in other species (and the fact that overweight/obese equids at risk for EMSAL are likely to be hyperleptinemic [46] [47] [48] , further investigation of this mechanism seems warranted.
A curious finding of this study was the significant downregulation of p38 MAPK total protein in lamellar tissue of horses subjected to the EHC. Function of the diverse members of the MAPK family is almost exclusively regulated through control of phosphorylation events by kinases and phosphatases, and little information exists regarding their regulation at the transcript or protein levels. 49 However, in certain specific circumstances, changes in expression, posttranslational modifications (such as acetylation), incorporation into intracellular scaffold structures, and modification of proteolysis are known to affect the p38 MAPK pathway and might be relevant to the pathophysiology of equine disease. 49 Further study is needed in this area to determine the importance of this finding, although it could represent a regulatory feedback response to activation of inflammatory signaling pathways in this setting.
The lack of significant lamellar inflammatory cell infiltrates accompanying this model suggests that the source of pro-inflammatory cytokines and chemokines detected within lamellar tissue is likely to be the major cell type in this tissue, the lamellar keratinocyte. Both human and equine keratinocytes produce pro-inflammatory cytokines and chemokines when stimulated with various pathogen-associated molecular pattern molecules in vitro, 50 
